Abstract Nanoparticle powders added into a liquid medium form structures which are much larger than the primary particle size (aggregates and agglomerates)-typically of the order of 10's of microns. An important process step is therefore the deagglomeration of these clusters to achieve as fine a dispersion as possible. This paper reports the findings of a study on the dispersion of hydrophilic fumed silica nanoparticle clusters, Aerosil 200V, in water using two batch rotor-stators: MICCRA D-9 and VMI. The MICCRA D-9 head consists of a set of teeth for the stator and another for the rotor, whereas the VMI has a stator with slots and a rotor which consists of a 4-bladed impeller attached to an outer set of teeth. The dispersion process, studied at different power input values and over a range of concentrations (1, 5, 10 wt.%), was monitored through the evolution of PSD. Erosion was found to be the dominant breakage mechanism irrespective of operating conditions or rotor-stator type. The smallest attainable size was also found to be independent of the power input or the design of the rotor-stator. Break up kinetics increased upon the increase of power input, and this also depended on the rotor-stator design. With MICCRA D-9 which has smaller openings on both the stator and rotor, the break up rate was faster. Increasing the particle concentration decreased break up kinetics. It could also be shown that operating at high concentrations can still be beneficial as the break up rate is higher when assessed on the basis of specific power input per mass of solids.
INTRODUCTION
The incorporation of nanoparticles in the formulation of a wide range of products varying from pharmaceuticals, coatings, paints, lubricants to nutraceuticals, textiles has seen a rapid increase over the past two decades resulting in not only the improvement of conventional products but also allowing products to be brought to market with properties and performance that could not be achieved previously. Dry nanoparticle powders exist in a hierarchy of structures which may include primary particles but most often agglomerates and aggregates. Whilst agglomerates can be broken up to much finer structures, aggregates cannot be disintegrated further due to the strong bonds holding them together. Therefore, once the particles are incorporated into the liquid, the main objective of the process is to deagglomerate the large structures to generate as fine a dispersion as possible. 
 being the kinematic viscosity of the liquid. Different process devices used for the purpose include the stirred bead mill (Stenger et al, 2005; Kowalski et al., 2008; Schilde et al., 2010) , ultrasonic dispersers (Baldyga et al., 2008b (Baldyga et al., , 2009 Quarch et al., 2010) in-line rotor-stators (Baldyga et al., 2008a; Padron et al., 2008; Özcan-Taşkın et al., 2016) , a batch rotor-stator or high pressure devices (Sauter and Schuchmann, 2007; Seekkuarachchi et al., 2008 and Xie et al., 2008) . Local energy dissipation rate in these devices, responsible for the breakup of agglomerates, can be orders of magnitude higher than the average energy dissipation rate. Some of the process devices, such as the ultrasonic disperser, are more commonly used during the formulation stage, whilst others, for example the in-line rotor-stator, are more suited for large scale operation. It is therefore not uncommon to use different devices at different scales of operation which makes process scale up a challenging task. A knowledge of the comparative performance of different process devices provides valuable input for the design and scale up of such processes.
This study was undertaken to assess the comparative performance of two batch rotor-stators as there is no published information on these designs for the breakup of nanoparticle clusters. The effects of varying power input on the smallest attainable size, mechanisms and kinetics of breakup were investigated. The test material used Aerosil 200V, is available in large quantities on the market and widely used in numerous products to improve mechanical properties, for example to reinforce rubber, as rheology modifiers, or to enhance surface effects of coatings (Ferch, 2005) . As it is desirable for industrial applications to prepare a master batch to subsequently use in different formulations, the study also included the effect of particle concentration.
EXPERIMENTAL

Experimental Set-up
The study was performed using a standard geometry, cylindrical, fully baffled glass tank of a diameter of T = 0.103 m (Figure 3 ).
Figure 3 Schematic diagram of the mixing tank
Two different designs of batch rotor-stator heads used are shown in Figure 4 and their dimensions are provided in Table 1 . The MICCRA D-9 head consists of a stator with 16 and a rotor with 8 teeth. The rotor of VMI, on the other hand, includes a 4 flat-bladed impeller as shown in Figure 4 .b which is screwed onto a 16 teethed inner screen that rotates with the impeller. It may therefore be anticipated that the VMI will provide a better bulk homogeneity.
The simple MICCRA D-9 design is characterised with narrow gaps of 1.20 x 10 -3 m between the stator teeth and 1.75 x 10 -3 m between the rotor teeth. The VMI stator, on the other hand, has 29 elliptic slots at an angle with a width of 2.00 x 10 -3 m. Whilst this width is only slightly bigger than the inter-teeth gap of the MICCRA stator, the surface area of the slot is much bigger compared to the area of the inter-teeth gap of MICCRA which is smaller in length. The gaps between the teeth of the MICCRA rotor are also smaller than the inter-teeth gap of the VMI.
These suggest that the local energy dissipation at a given average power input is likely to be higher with the MICCRA compared to the VMI. 
Materials
Experiments were conducted using hydrophilic fumed silica particles, Aerosil 200V, manufactured by Evonik Industries. Deionised water was used as the continuous phase.
The primary particle size is given as 12 nm by the manufacturers. The synthesis of fumed silica can be described essentially as a continuous flame hydrolysis of silicon tetrachloride (SiCl4).
Collision, sticking and partial fusion of primary particles during manufacture result in the formation of aggregates that are held together by sintering bridges. While leaving the flame and cooling, these aggregates continue to collide forming agglomerates of aggregates (Barthel, 1995; Ulrich and Riehl, 1982) . Therefore, due to the manufacturing method employed, the powder on the market consists of clusters of a broad range of sizes. This is native, unmodified fumed silica with a surface covered with silanol (Si-OH) groups to the tune of ~2.5 [SiOH] groups/nm 2 , has a BET surface area of ~200 m 2 /g and tap density of 50 to 120 g/l as detailed in the manufacturer's product brochures.
Dispersions were prepared at three concentrations of 1, 5 and 10% w:w.
Experimental Procedure and Conditions
A well-defined procedure was followed for the preparation of all the pre-dispersions to minimise any variations at the start of the experiment. After the addition of the appropriate amount of powder, the pre-dispersion was mixed using a pitched blade turbine in a fully baffled tank at a stirrer speed of 140 rpm for 30 minutes. The dispersions produced had a pH of around 4.5.
Break-up experiments were run for 3 hours over a range of speeds. The fixed speeds the MICCRA was operated were 11,000, 16,000 and 21,000 rpm, which corresponded to a specific power input range of 15.15-114.60 kW m -3 over a Reynolds number range of 6,482 to 53,130 depending on the particle concentration. With the VMI, the speed range was lower: 2,000, 2,500, 3,000 rpm corresponding to a Reynolds number range of 10,607 to 68,310 and a specific power input range of around 20.75 to 76.12 kW m -3 .
The evolution of Particle Size Distributions (PSD) obtained from samples taken during processing was used to monitor the process. Rheology of the pre-dispersion and final dispersion was also determined.
Experimental Techniques
The samples were analysed using the Malvern Mastersizer® S. A 'polydisperse' analysis model was selected in the calculation of the PSD and a complex refractive index of 1.46 + 0.1i was used.
Results from repeatability tests show excellent agreement from two independently run experiments as shown in Figure 5 . The rheology measurements were taken using a HAAKE VT-550 with the bob-and-cup double gap geometry. All samples were of Newtonian behaviour and the rheology of the fresh predispersion and final dispersion was practically the same. The viscosity of the 1% dispersion was too low to be measured reliably and hence was taken to be water-like. For 5 and 10%, the viscosity was measured 3.7 x10 -3 and 6.7 x10 -3 Pa s respectively. At such low viscosities, corresponding to Reynolds numbers in the range of 7x10 3 -7x 10 4 the bulk circulation within the feed tank was observed to be sufficient with no evidence of compartmentalisation.
The morphology of selected samples was examined using the JEOL 7800F and the Leo Zeiss
1530-VP Field Emission Gun Scanning Electron Microscope (FEGSEM).
Power input was determined using the calorimetry technique. The power numbers for the MICCRA D-9 and VMI were found to be 2.56 and 2.40 respectively. This is within the range of power numbers for batch rotor-stators in the turbulent regime: 1-3 (Padron, 2001; Utomo et al, 2008) . Doucet et al (2005) , who used a slightly different VMI geometry which had a stator with 8 circular orifices on the upper part, in addition to the slots on the side and a rotor which only included the 4-bladed impeller, reported a comparable power number of 3.0 in the turbulent regime. Their results show that the Po is constant at Reynolds numbers greater than 100.
RESULTS AND DISCUSSIONS
Particle sizes for the pre-dispersions were of the order of 10's of microns. During the course of processing, the PSD had a distinctive bi-modal feature with both of the batch rotor-stators ( Figures 5 and 6 ). This is in line with previously reported findings with this material using inline rotor-stators or valve homogenisers (Baldyga et al, 2008a; Özcan-Taskin et al, 2009 and Xie et al, 2008) . Due to this bi-modal size distribution, using an overall mean diameter can hide important features of the dispersion. Data were therefore analysed for coarse (> 1 µm) and submicron material separately. Figure 7 shows the evolution of the Sauter mean diameters (d32) for the whole dispersion along with those for fines (< 1 μm) and coarse material. In addition to the evolution of the Sauter mean diameters of fines and coarse material, rates of fines generation and size reduction of coarse material are presented and discussed in the following Sections. It is also in agreement with findings using in-line rotor-stators with this particle-liquid pair (Özcan-Taşkın, 2009 (Özcan-Taşkın, , 2016 .
The size of finest material is of the order of some 100's of nanometers, i.e. an order of magnitude greater than the primary particle size. This would be expected due to the manufacturing method employed. Hence, the dispersion fineness is determined by the size of
aggregates.
An analysis of all the results obtained with the MICCRA at three particle concentrations and over a range of specific power input values in the range of about 15 to 115 kW m -3 , show that the Sauter mean diameter of fines is independent of the operating conditions or particle concentration ( Figure 8 ). This also holds for the VMI: data presented in Figure 9 further illustrate that the rotor-stator geometry also does not affect the dispersion fineness and the Sauter mean diameter of aggregates is in the range of 300 to 450 nm. 
Miccra VMI
A representative image obtained for one the dispersions prepared in this study is shown in Figure 10 .
Figure 10. SEM images from Aerosil 200V-in-water dispersion
The results may well be different with a different continuous phase due to differences in chemical interactions and particle-liquid affinity.
Effect of operating conditions on the kinetics of breakup
Whilst the mechanism of break up and dispersion fineness are independent of the operating conditions or the rotor-stator design, the kinetics of break up increases with the rotor speed, i.e.
the power input. The evolution of the particle size distributions for 10 % wt. Aerosil obtained using the MICCRA at two speeds shows that starting with pre-dispersions of comparable PSDs, the break up progresses much more rapidly at a rotor speed of 16,000 rpm compared to 11,000 rpm, which is evident even at the end of 5 minutes of processing ( Figure 11 ). This increase in rotor speed corresponds to a three-fold increase in the specific power input. Figure 11 with PSDs. For a given particle concentration of 1% wt., the increase in the rate of reduction of coarse material volume fraction with increasing power input is shown in Figure 12 .a for both the MICCRA and VMI. Similarly, break up kinetics can be studied through the fines generation rate which increases with an increase of power input as shown in Figure 12 .b. Evolution of the Sauter mean diameter for coarse material also provides useful information in terms of break up kinetics. As can be seen in Figure 13 , for a wide range of operating conditions, the size reduction becomes steeper as the rotor speed and hence the power input is increased. It is also worth noting that the decrease in time of the coarse material d32 as the aggregates are chipped off the surface of large agglomerates is indicative of erosion being the dominant breakup mechanism. and particle concentrations
Effect of particle concentration
Different formulations can require different particle concentrations; it may also be desirable to prepare a master batch which is easier to store and transport prior to incorporating into the final formulation. Therefore, the effect of particle concentration on break up was included in the study.
The Sauter mean diameter for the smallest attainable size or mechanism of break up do not depend on the particle concentration as can be seen in Figures 6 to 9. Break up kinetics studied through the evolution of the Sauter mean diameter for coarse material shows that for a given 1%, 2000 rpm 1%, 2500 rpm 1%, 3000 rpm 5%, 2000 rpm 5%, 2500 rpm 5%, 3000 rpm 10%, 2000 rpm 10%, 2500 rpm 10%, 3000 rpm specific power input as the concentration is increased, break up kinetics slows down during processing ( Figure 13 ). Data presented on the basis of energy density are shown in Figure 14 for different particle concentrations. The decrease in break up kinetics due to a ten-fold increase in particle concentration appears to be more prominent than that due to the variation of the specific power input at a given concentration which ranged from 21-23 to 70-76 kW m -3 . 
VMI 1%
VMI 5%
VMI 10%
in the dispersion is higher at this energy density level: about 50%. It is also worth pointing out that the effect of particle concentration seems to be less pronounced with the VMI. Figure 15 . Effect of increasing the particle concentration on the rate of coarse volume fraction reduction for both the VMI (operated at 2,000 rpm, 20.8 and 22.6 kW m -3 for 1 and 10 % wt) and MICCRA (operated at 11,000 rpm, 15.2 and 16.5 kW m -3 for 1 and 10 % wt)
When the same data sets are analysed on the basis of energy input per mass of particles (rather than dispersion volume), it can be seen in Figure 16 that processing at a higher particle concentration can be beneficial. Whilst the process to achieve a certain fines volume fraction becomes longer as the particle concentration is increased, it is still more energy efficient to prepare a masterbatch at a higher particle concentration which would also present advantages in terms of storage and transport. 
VMI 1%
Importance of rotor-stator geometry on break up kinetics
As discussed above, breakup occurs through erosion irrespective of the rotor-stator design. The smallest attainable size (aggregate size) also does not depend on the rotor-stator design.
Differences were noted in term of breakup kinetics with these designs. Of the two rotor-stators used, MICCRA has faster break up kinetics than the VMI at comparable specific power input values. This can be seen in Figure 12 in terms of both the size reduction of coarse material and fines generation rate. In order to reach a fines volume fraction of around 30%, the VMI requires 180 min of processing at 20.8 kW m -3 . This can be achieved in 25 min using the MICCRA at a comparable, in fact slightly lower, specific power input of 15.2 kW m -3 . At higher specific power input values of 40.5 and 46.6 kW m -3 , the processing time required is about 90 and 17 min for the VMI and MICCRA respectively. Data analysed on the basis of energy density also demonstrate that the MICCRA is faster in breaking up nanoparticle clusters compared to the VMI at both 1 and 10% particle concentration ( Figure 15 ).
There are distinctive differences in the designs of the two rotor-stators. The surface area of the openings on the rotor and stator of the VMI are larger than the gap between the teeth of the MICCRA. It would therefore be anticipated that the local energy dissipation rate with the MICCRA would be higher than with the VMI. Whilst the MICCRA is of a simple design with two sets of teeth, the VMI design includes a rotating impeller in a slotted cage. Hence, it may be postulated that a greater proportion of the average power input contributes towards convective flows in the bulk. This design would therefore be expected to provide a better bulk movement and homogeneity and hence may well outperform the MICCRA in larger installations and\or more viscous dispersions. For such cases, an additional impeller is likely to be required if the MICCRA or a similar design is used.
This overall trend of rotor-stator designs with smaller holes or narrower gaps having a higher break up kinetics was also reported by Özcan-Taşkın et al (2016) for different in-line rotorstator designs.
CONCLUSIONS
Two rotor-stator designs were used to study the breakup of clusters of nanoscale silica particle clusters to determine the mechanisms and kinetics of break up and assess how fine a dispersion can be obtained. The effects of power input and particle concentration were studied.
The Sauter mean diameter of the smallest size that could be obtained was about 350-400 nm regardless of the operating conditions or design of the rotor-stator head.
Based on the results obtained, it could be concluded that the break up mechanism for Aerosil 200V in a batch rotor-stator system is predominantly erosion across the range of conditions covered regardless of the particle concentration, power input (15 to 115 kW m -3 ) or rotor-stator design. The bimodal particle size distribution obtained requires the analysis of the evolution of data for fines and coarse material separately.
With both rotor-stators, the rate of the reduction of coarse particles and fines generation rate increased with increased energy density at a given particle concentration.
As the particle concentration was increased, break up kinetics slowed down when assessed on the basis of processing time or energy density. It could however be shown that processing high concentrations may still be beneficial as the breakup rate on the basis of energy input per mass of particles is higher. This also presents advantages in terms of storage and transport.
A comparison made on the basis of average power input showed that the break up kinetics is faster for the MICCRA D-9 compared to the VMI. This may be attributed to higher levels of turbulence in the proximity of the MICCRA which has narrower openings on both the rotor and stator compared to the VMI design which also includes a 4-bladed impeller.
It would be worth investigating the performance of these designs in larger installations and more viscous dispersions where the VMI may well provide a better overall bulk homogeneity and product properties away from the rotor-stator head of the MICCRA may be different unless it is used with an impeller to provide bulk blending. Future work on a quantitative study the flow fields generated by these different rotor-stator designs using techniques such the PIV or LDA would provide valuable information for the evaluation of the effect of geometry.
